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I. INTRODUCTION 
A. Introduction to Solid State Nuclear Magnetic Resonance 
Preparative techniques in high temperature chemistry have 
yielded many interesting compounds, especially between the 
early transition metals and the group III-VI elements. The 
structures of the new phases have in most cases been deter­
mined, but other than the crystal structure little is known 
about the physical and chemical properties of the solids. 
Most studies of the properties of the solids have been rather 
superficial. For instance, if a compound has metallic luster 
and exhibits a low electrical resistance as measured with a 
vacuum tube volt-ohm meter» it has generally been reported to 
be metallic. The research discussed here was performed with 
the purpose of gaining information about some basic physical 
and chemical properties of several metal-rich transition metal 
compounds. The method used to achieve this goal was nuclear 
magnetic resonance (NMR). 
NMR has the advantage over many other types of measure­
ments that it utilizes a microscopic probe of the sample, 
namely the nucleus. If a nucleus with nuclear spin Is located 
in a metal it serves as a sensitive probe of the type of 
electronic wave functions at the nucleus for electrons which 
participate In binding and conduction. Conduction electrons 
with unpaired spins and with wave functions centered on a 
nuclear site cause a shift in the nuclear resonance frequency 
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from the value observed for a free Ion. This shift is called 
the Knight shift, after its discoverer. A rather general 
description of the Knight shift follows. 
In a metallic compound with essentially free electrons, 
the conduction electrons are delocalized over the solid in a 
conduction band. That is» the single electron wave functions 
have magnitudes which do not, in general, monotonically dimin­
ish as a function of distance from some point in the solid 
(as would the magnitude of a molecular orbital wave function, 
for example), but instead these wave functions are thought to 
vary periodically within the solid (e.g. the Bloch function). 
Thus the nucleus can experience magnetic coupling with many 
electrons. In the absence of any external or internal mag­
netic field, the nucleus is coupled to electrons with random 
orientations of the electron spins. The unpaired electrons in 
such a metal have energies within kT (k = Boltzmann's constant) 
of the Fermi energy, Fermi energies are of the order of 3 eV, 
and the energy Interval kT is 0.03 eV at room temperature. 
Each energy state below this energy Interval is filled with 
two electrons with opposing spins, and each energy state 
within this energy Interval has a probability of being only 
half filled. Energy states higher than 0.5 kT above the Fermi 
energy are unoccupied. Only those electrons in the singly 
occupied states can Interact with an applied magnetic field. 
Application of an external magnetic field causes polarization 
3 
of the electron spins and imposes a preferred direction on 
the spin system. This spin polarization increases the net 
magnetic moment coupled to the nucleus from zero (in the 
absence of an applied field) to some finite value. In the 
applied field the net magnetic moment lies along the field 
direction thus increasing the effective field at the nucleus. 
This effective field is proportional to the applied field, 
and the resultant shift in the NMR signal is a positive 
Knight shift. 
Experimental results have shown that the Knight shift is 
more complex than envisioned above. Negative Knight shifts 
have been observed and can be explained only by the consider­
ation of an additional contribution to the shift. Observation 
of shift values larger than expected on the basis of the 
magnetic susceptibility also has required an additional shift 
contribution. 
Consideration of a system of nuclei and conduction elec­
trons weakly coupled by the hyperfine interaction (i.e. the 
term in the Hamiltonian) and an isotropic environment 
(i.e. the tensor X becomes the scalar, a) leads to the first 
contribution to the Knight shift. For this system the 
Hamiltonian is H = 4- where Hg Is the Hamil­
tonian for the weakly interacting set of electrons, H^ is 
the nuclear Hamiltonian and Hcontains the magnetic inter­
actions between the nuclei and the electrons. Contained in 
k 
the nuclear Hamlltonlan, , is the Zeeman energy in the 
static field HQ and the dipolar coupling between nuclei. 
The term H g = gps"*H which accounts for the Zeeman energy of 
the unpaired electrons at the Fermi surface and is not rele­
vant to the nuclear resonance experiment. 
Consider the case of a spin I = 1/2 nucleus. The nuclear 
Zeeman term, is -yhT'E, or, in the isotropic case, 
-YhIHg. Dipolar coupling, which causes a "broadening of the 
NMR linewidth, will be neglected in this section. The third 
term in the Hamiltonian is then 
where r"^ - Rj is the vector from the j th nucleus to the ^ th 
electron. Since the electrons and nuclei are weakly inter­
acting the wave function can be written ^ 4'^^. Inas­
much as a conduction electron is delocalized over the solid, 
its wave function is taken to be a plane wave modulated by a 
function containing the periodicity of the lattice. Thus 
will be the product t g- where is the spin part of the 
function and 1* ^ is the Bloch function 
% = u^(r)exp(i5*r) , (2) 
where u^(r) is a function exhibiting the periodicity of the 
lattice and exp(i5»r) is a plane wave dependent on the value 
of the wave vector, 5^, Taking into account that contributions 
to the shift arise only from those electrons within an energy 
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interval kT of the Fermi energy and of these electrons only 
those with finite probability density at the nucleus (i.e. 
those with £-like wave functions), the shift in energy due to 
the interaction of the electron with the j th nuclear spin is 
•where < is the probability density for finding an 
electron with energy Ep at the position of the nucleus and 
g 
Xp is the Pauli spin susceptibility of the conduction elec­
trons with £ character. Since the nuclear Zeeman energy is 
- Y^hlgH, Equation 3 represents a positive shift. Thus 
Ks = ^  ~ = y <lu^0)|2>g^ Xp . (4) 
In the case of transition metals the electronic states at the 
Fermi surface have a more complex make-up and in general the 
electronic wave functions are combinations of wave functions 
with £, 2 and/or d character. A more general form for the 
total Knight shift is 
^tot ~ ^ s ^ ^d ^orb > (5) 
where Kg is the shift described by Equation 4, Kp and K^ are 
shifts arising from the so-called "core polarization" by 
electrons with p or d character and K^p^ is the shift arising 
from the field induced orbital magnetic moment of non-£ con­
duction electrons. Core polarization arises from the inter­
action of non-8 electrons with inner ion core s electrons in 
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such a way as to cause a net magnetic coupling of the nucleus 
with the inner core electrons. That is to say, the wave 
functions at the Fermi surface are, to a first approximation, 
combinations of hybrid wave functions formed by linear com­
binations of £ and non-s wave functions. The £, P £» É 
coupling has been observed to yield a negative contribution to 
the total shift (1). In metals with narrow and partially 
filled conduction bands the orbital shift has been observed 
to be quite large (1). 
Thus far only nuclei with I = 1/2 in an isotropic envi­
ronment have been considered. For nuclei with I > 1/2, 
transitions between the other spin states complicate the NMR 
spectrum. If the nuclear site has less than cubic symmetry 
there exists an electric field gradient (EFG) at the site and 
the electric quadrupole moment of the nucleus interacts with 
the EFG in the crystal. Since the EFG is produced by the 
arrangement of ion cores around the nuclear site, to some 
extent by the type of binding in the solid and, in metals, 
by all of the electrons in the conduction band, the quadrupole 
coupling is independent of the applied field, Quadrupole 
satellite lines are not always observed in metallic solids 
due to a smearing of the EFG. As long as the EFG is small no 
quadrupole effect is observed on the central (m = 1/2 to 
m = -1/2, m = spin state) transition. Axial symmetry leads 
to a broadening of NMR spectra. Due to the axial symmetry the 
7 
magnetic field at which resonance will occur is a function of 
the crystal orientation. In a powdered sample the line shape 
will reflect the appropriate average over all of the crystal­
lite orientations. For the case of axial symmetry the Knight 
shift is represented by an isotropic shift, Kj^go' an 
axial shift, The resonant frequency is 
' • -.[• • ' - i f f " "  ] • "> 
iso 
and is given by 
Kax = §(K, - K, ) , (7) 
Where and Kj_ are the shifts at the angles 0° and 90° 
between the crystal axis and the field direction. 
Presence of the conduction electrons in the solid also 
has an effect on the nuclear relaxation phenomenon. A relaxa­
tion phenomenon which is sometimes important in the interpreta­
tion of the Knight shift data is spin-lattice relaxation, which 
is discussed briefly in the following. Consider a set of nu­
clei in a static magnetic field and in thermal equilibrium with 
a lattice (i.e. a Boltzmann population of the energy levels). 
The spin-lattice relaxation time is a measure of how long it 
takes a collection of nuclei, once excited to some higher 
energy level by photons, to give up the energy of the photons 
to the lattice. In the absence of other coupling mechanisms 
this process might be envisioned as rather slow. An accéléra-
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tlon of this process is provided by the conduction electrons. 
The spin-lattice relaxation time, is given by 
T' ^ |n> (EJH-E^) 
1=—mmia (s) 
where m and n are nuclear states, a is x, y and z and 
*0 = IT n^h^Y^Y^<|u%(o)l^>^ p^(Ep)kT , (9) 
"9 en ^ Ep ^ 
where o(Ep) is the density of states at the Fermi surface. 
Again assuming the isotropic case 
^ = ao • (10) 
Factors in a^ look like the expression for the Knight shift. 
Kg, Equation 4 and thus 
Ti( |S 
For free electron metals is inversely proportional to the 
temperature and to the square of the Knight shift. 
Introductions to each of the following sections will con­
tain more specific comments pertinent to that section and draw 
from the general background set forth above. Additions to the 
general background will be added where necessary. Each sec­
tion will contain its own subsections on experiment, results 
and conclusions. 
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B. Bonding Models for the Metal Rich Compounds 
This section is a brief introduction to the general 
bonding models of the metal rich compounds of the group IV 
and V transition metals with the group V and VI non-metal 
elements. There exist in general two schools of thought on 
the description of these compounds. The existence of con­
flicting interpretations of the structural features common to 
a number of metal rich compounds provided some of the impetus 
for the research discussed here. 
The search for metal rich phases between the group IV 
and V transition metals and group V and VI non-metals probably 
had its start with Biltz and co-workers (2,3). Recent and 
rather extensive reviews on the metal rich compounds have been 
published by Jellinek (4), Haraldsen (5)t Hulliger (6), Rund-
quist (?) and Aronsson, Lundstrom and Rundquist (8). The 
appearance of the trigonal prism as a structural feature in 
metal rich phosphides, arsenides and silicides was noted quite 
early in the Investigations of these systems and has been 
emphasized in a number of reviews (8,9). Trigonal prismatic 
coordination of sulfur has long been known (e.g. In the NiAs 
structure type) and was observed to occur in a number of metal 
rich sulfides by Franzen and co-workers (10,11,12,13). In a 
majority of these metal rich compounds the coordination 
number is greater than the six needed for a trigonal prism. 
In these cases the trigonal prism is augmented by the 
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positioning of metal atoms off one or more of the three rec­
tangular faces of the trigonal prism. In many compounds more 
metal rich than 1:1 the group V and VI non-metals have coordin­
ation numbers as high as nine with the augmented trigonal 
prismatic coordination. 
Chronologically, the first school of thought used the 
trigonal prism as a building block in the description of the 
metal rich phosphides and arsenides. They considered the 
structures to be constructed of polyhedra of hard spheres. 
In their view the existence of structural features are inter­
prétable on the basis of the r^/r% ratio. This ratio of the 
anion radius to the metal radius was calculated for each 
polyhedron considering hard sphere contact between the central 
coordinated atom and the atoms at the corners of the poly­
hedron. Thus for a value of the ratio equal to or less than 
0.414 an octahedral coordination was favored, with the 
trigonal prismatic and square antiprlsmatlc coordinations 
occurring for the non-metal at ratios of 0.528 and 0.645» 
respectively. Although the proponents of this school readily 
admit to many exceptions and to contributions other than size. 
In the final Interpretation of structural features the radius 
ratio concept is used exclusively. No relation between phys­
ical and chemical properties and structure is sought in the 
hard sphere interpretations. Distortions of the polyhedra, 
while not predicted by the hard sphere model, occur fre­
11 
quently and are rationalized on the "basis of unit cell size 
and short metal-metal distances. Thus Aronson and Rundquist 
(9) argue 
^'...The way in which the prism of rhenium atoms 
[in Re^B] is distorted, two rectangular faces 
being larger than the third one, is obviously 
associated with the packing of the prisms, A 
more uniform expansion of the prism would result 
in a very short distance ,,. between rhenium 
atoms in two adjacent prisms. It should be noted 
that the deviation of two A-B distances (2.78 and 
2,?3A) from the ideal value of 2.75& as well as 
the shortening of one A-A distance to 2.73A are 
such as to prevent the short rhenium-rhenium 
distance of 2,66A becoming still shorter. Thus, 
the structure of Re^B may be regarded as a simple 
close-packed arrangement of nearly spherical 
atoms with the radii 1,375 and 0.85A respectively," 
This argument leaves unanswered the question of why the unit 
cell is not distorted or expanded to allow undistorted trigo­
nal prisms. To this question the hard sphere model has no 
answer, 
A more chemically satisfying model of these compounds 
has been forwarded by Franzen (14), This model treats atoms 
as atoms and not as hard spheres. Although this model cannot 
be used to predict structure types, which is also true of the 
hard sphere model, it does give a qualitative understanding 
of the known physical and chemical properties. This model 
also succeeds in the qualitative prediction of some physical 
and chemical properties which are as yet unobserved. It was 
initially proposed (14) that a delocalized, directional, 
covalent bonding description was consistent with the observed 
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properties of conductivity, brittleness and the general 
metallic nature of the mono-chalconides (chalcogen = sulfur. 
Selenium and tellurium) of some transition metals. This argu­
ment will be presented here and its extension to the more 
metal phases will be assumed. 
An important contribution to the development of this 
model was the observation of the persistence of trigonal pris­
matic coordination of chalcogens in a wide range of compounds 
irrespective of the metal or radius ratio. Combining the 
ideas of Slater (15) and Bundle (16,17), Franzen concluded 
that covalent binding between metal and non-metal makes an 
important contribution in the formation of the non-metal 
coordination and hence the structure of these solids. 
Using Pauling's (18) empirical equation 
D(n) = D(l) - 0.6 log n (12) 
where D(n) is the bond distance of an n th order bond, approx­
imate valences of the non-metal could be calculated. Valences 
calculated in this manner for non-metals in trigonal prisms 
were greater than 3 and frequently close to k. Earlier 
Bundle (16,17) had used Equation 12 to obtain bond numbers 
which were consistent with the formation of electron deficient, 
directional covalent bonds between metal atoms and oxygen, 
carbon or nitrogen in some monoxides, mono-carbides and mono-
nitrides with the rock salt structure. Bundle pointed out 
that the physical properties of the rock salt type oxides. 
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carbides and nitrides, especially conductivity and brittle-
ness, are consistent with electron deficient directional co­
valent bonding. 
Slater (15) suggested that the bonding in KCl could be 
described as covalent while at the same time maintaining the 
"ionic" character of the solid* He went on to demonstrate 
that all solids can be described in terms of covalent inter­
actions and provided a consistent set of atomic radii. 
Franzen applied the suggestions of Slater (15) and Bundle 
(16,17) to the bonding by the chalcogen in trigonal prismatic 
coordination. He concluded that trigonal prismatic coordina­
tion of the chalcogen was the result of approximately four 
bonding electrons delocalized over six orbitale centered on 
the chalcogen. The high valences and coordinations of the 
chalcogen suggested the use of d orbitals by the chalcogen to 
form strong metal-chalcogen bonds. 
In the Zr-S system sulfur has octahedral coordination in 
ZrS (19). trigonal prismatic coordination in Zr2i8g (12), and 
square antiprismatic coordination in Zr^S^ (20). Here the 
hard sphere model provides no explanation since the radius 
ratio remains constant for the series. However, qualitatively 
a series such as this may be more readily understood by the 
filling of bonding and antibonding energy states. For 
instance an argument might be made that the addition of 
zirconium and presumably the addition of d states stabilizes 
14 
coordinations for sulfur which require the use of electronic 
configurations other than the ground state configuration 
(s2p4) by sulfur. 
NKiH, as mentioned earlier, provides a very sensitive 
probe of the solid state material. However, the probes must 
be present in sufficient number to make an experiment feasi­
ble. Sulfur in this respect is a poor probe, since the iso­
tope with nuclear spin has a natural abundance of 0.76^. 
Phosphorus, on the other hand, is an excellent probe since 
there is a single isotope which has I = 1/2, Vanadium has 
an isotope with 99.76# natural abundance. Although it has 
a high spin (I = 9/2) its quadrupole moment is very small so 
that It serves as an excellent probe of the solid state. 
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II. KNIGHT SHIFT AND SPIN-IATTICE REIAXATION MEASUREMENTS 
IN THE PHOSPHIDES WITH THE TI3P STRUCTURE TYPE 
A. Introduction 
In the transltion-metal-=rlch phosphides there are no 
cases for which compounds in a transition metal group are 
isostructural, except the group IV and V trl-metal phosphides. 
At the composition of M^P (M = transition metal) the Tl^P 
structure type exists for six transition metals Ti» Zr, Hf, V, 
Nb and Ta. This series is ideal for a systematic study of 
the physical and chemical properties connected with the Tl^P 
structure type. Trends in the Knight shift, spin-lattice 
relaxation and magnetic susceptibility in this series of com­
pounds are utilized to Interpret the role of phosphorus in 
the conduction process. Some qualitative remarks may also be 
made about the phosphorus binding in these solids. 
The Ti^P structure, shown in Figure 1 taken from the 
review article by Rundquist (7). can be described as an array 
of corner and edge sharing trl-capped trigonal prisms. Some 
of the atoms from Figure 1 have been removed for clarity, 
TI3P crystallizes in the space group P42/n, There are three 
structurally inequivalent metal atoms (I, II and III) In this 
structure but there is one phosphorus atom. The phosphorus 
atom is located near the center of a trigonal prism at the 
corners of which are metal atoms. Additional metal atoms are 
located off each of the three rectangular faces of the 
16 
Mdn) 
Figure 1. A drawing of the TI3P structure. [Some atoms have 
been removed for clarity. The labels are M for 
the metal atoms and P for the phosphorus atoms] 
17 
trigonal prism, for Instance M(I) and Tri-capped 
trigonal prismatic coordination for phosphorus, sulfur and 
other related non-metals Is a very common type of coordina­
tion. 
The monophosphides of most of the first row transition 
metals and the group III, IV and V transition metals have been 
studied by NMB. Jones has studied the group Illb-group Va 
Intermetalllcs (21) and MnP and COyMn^.y-P (22). In MnP the 
phosphorus Knight shift was found to be temperature dependent 
due to Curie-Weiss behavior of the localized spin at the 
manganese site. The localized spin on manganese causes a spin 
polarization of the conduction electrons. Thus the temperature 
dependence of the phosphorus shift Indicates that there are 
wave functions centered at the phosphorus site which con­
tribute to the make-up of the states at the Fermi surface. 
In the Curie-Weiss region the Knight shift is, in fact, nega­
tive indicating a large contribution from the core polariza­
tion term in the total Knight shift. From the studies of the 
COyMni_yP system Jones (22) observed that the phosphorus shift 
seemed to be dependent upon the number of d electrons in the 
conduction band. By use of a K(T) vs X(T) plot (X is the 
magnetic susceptibility and T the absolute temperature) the 
temperature Independent part of the phosphorus Knight shift 
was determined. 
Other transition metal monophosphides have been studied 
18 
by Stein and Walmsley (23) and Scott ^  a2. (24). Scott ^  al. 
(24) have studied the magnetic susceptibility and NMR of the 
monophosphldes of Ti, Zr, Kf, V, Mb, Ta and Cr, In CrP the 
phosphorus shift was temperature dependent and negative In the 
Curle-Welss region. The Knight shifts of all of the other 
phosphides studied by Scott were found to be temperature inde­
pendent, positive and small. Prom these studies it was sug­
gested that the phosphorus 3d atomic wave functions can be 
viewed as making appreciable contributions to the electronic 
wave functions in the band system. 
Although Knight shift data and spin-lattice relaxation 
times have been used for a number of years to obtain informa­
tion concerning the contributions of atomic wave functions to 
the conduction band in metals (25»26,27)» no spin-lattice 
relaxation times were measured for the above mentioned phos­
phides, In transition metal phosphides which do not have a 
large local moment, the phosphorus shift is found to be small 
(between 0.01 and 0,06%), Two interpretations of such data 
are possible in light of the shift data alone. Small shifts 
might be diamagnetlc (chemical) shifts or small paramagnetic 
(Knight) shifts. A small Knight shift could arise If Kg + 
Korb =Kp + K^ (see Equation 5). However, the spin-lattice 
relaxation times are expected to be very different for the 
two cases. 
Knight shift studies together with spin-lattice relaxa-
19 
tion measurements can be expected to yield useful information 
about the conduction band. For example Narath and co-workers 
have used Knight shifts along with spin-lattice relaxation 
times and other data to evaluate the separate contributions 
to the Knight shift in W (25), Mo (26) and Ir (27). 
B. Experimental 
All compounds described were prepared in the same manner. 
Stoichiometric amounts of the elements were mixed in sealed 
Vycor tubes with residual pressures of <10"^ Torr. The puri­
ties and suppliers of the starting materials are listed in 
Table 1. Filing of the metals was done in an inert atmos­
phere of argon. Iron impurities introduced during filing 
were removed by use of a strong magnet. The sealed tubes 
were placed in a low temperature furnace and the temperature 
raised to between 500 and 700°C, depending upon the sample. 
After all of the phosphorus had reacted the tubes were re­
moved from the furnace. Sample pellets were formed from the 
resulting mixture by pressing under vacuum in a tungsten 
carbide die, followed by isostatic pressing to 50,000 psi. 
Sealed tungsten crucibles and Induction heating were used to 
anneal the sample pellets to 1500°C in a vacuum of <10"^ Torr. 
In some cases (Tl^P, Hf^P and Ta^P) the high temperature 
annealing was followed by arc-melting. 
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Table 1, A listing of the suppliers and purities of the 
starting materials used in the preparation of the 
Ti^P compounds 
Element Supplier Purity 
(percent) 
Ti Chicago Development Corp. >99.95 
Zr Westinghouse-Bettis 99.99 
Hf Pittsburg Naval Reactor 99, ~1^ Zr 
V Ames Lab. >99.99 
Nb Stauffer Metals Corp. >99.92 
Ta National Research Corp, 99.99 
P Gallard Schlesinger 99.9 
The phase identities of the resulting products were 
determined from Debye-Scherrer X-ray powder photographs and 
published lattice parameters, A comparison of the intensities 
2 
and sin 9 values from the powder patterns was made with those 
either published or calculated using A FORTRAN IV Program for 
the Intensity Calculation of Powder Patterns (1969 version) by 
Yvon, Jeitschko and Parthe (28). In the case of Hf^P an un­
known phase persisted after many attempts to eliminate it. 
This phase represented less than of the total sample. A 
weak and rather broad NMR line was attributed to this impurity 
phase. The intensities and diffraction angles from all other 
samples agreed within experimental error with those calculated. 
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Two spectrometers were used in the NMR data collection» 
a standard Varian Associates wide-line spectrometer and a 
spectrometer designed by D. R. Torgeson (29). Torgeson's 
spectrometer has a frequency range from 2 to 90 MHz whereas 
the Varian spectrometer had an upper limit of l6 MHz. Knight 
shift data were collected using the method of continuous 
averaging. A 400 channel analyzer was used to store the 
absorption derivative data from repetitive scans, and thus 
increase the signal-to-noise ratio. Frequencies up to 26 MHz 
were used during data collection. Spin-lattice relaxation 
times were measured using the method of tone-burst Modulation 
(30) and an apparatus designed by Torgeson and Smith (31). 
For low temperature experiments the samples were either 
immersed in liquid nitrogen or cold gas from liquid nitrogen 
or liquid helium was passed over the sample. The latter 
method was used to attain temperatures down to 20°K for low 
temperature Knight shift studies. 
Phosphorus Knight shifts were determined using in 
E^PO^ as a reference, or by using ^Li in LiCl solution and 
the ratio v(p)/v(Li) = 1.0413. Vanadium Knight shifts were 
measured with respect to the ^^V effective gyromagnetic ratio 
of 1.11927 MHz/kOe using ^^Al in AlCl^ solution as the inter­
mediate reference and the ratio of '^(V)/'^(A1) = 1,0089. 
Temperature dependence of the magnetic susceptibility of 
all samples except Hf^P was tested by the Faraday method. 
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The range of temperature was 77° to 300°K, A liquid nitrogen 
bath was used at 77°K, an isopentane bath from 113° to 273°K 
and an ice-water bath at 273°%. Susceptibility data were col­
lected at five magnetic fields. A Honda-Owen plot (a plot of 
susceptibility versus the inverse field strength) was made to 
extract the contribution to the susceptibility due to ferro= 
magnetic impurities. 
C. Results 
1. Magnetic susceptibility 
Figure 2 summarizes the results of the magnetic suscepti­
bility measurements in a plot of x(molar) vs T, A suscepti­
bility measurement was not made for Hf^P. However, it is 
estimated that the susceptibility of Hf^P should not be much 
different than that of Ta^P (note Zr^P and Nb^P). The sus­
ceptibilities are temperature independent or weakly tempera­
ture dependent and small, indicating Pauli paramagnetism. In 
the case of V^P, and perhaps Nb^P, most of the temperature 
dependence at low temperatures is attributed to paramagnetic 
impurities such as iron phosphides which are known to have 
large magnetic moments (32,33). Further evidence in support 
of this conclusion is given by the temperature independent 
Knight shifts, Matthias et (34) have described V^P as 
normal and nonsuperconducting. 
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Figure 2, A plot of the molar susceptibility, vs the absolute 
temperature, T 
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2. Knight shift and spin-lattice relaxation time 
In the Tl^P structure the metal atoms occupy three dif­
ferent sets of 8g positions (the phosphorus atom occupies a 
fourth set). These positions have point symmetry 1. Both the 
quadrupole and shift interactions may therefore be expected to 
exhibit less than axial symmetry. 
Summarized in Table 2 are the NMR results. All of the 
shift values are averages of up-field and down-field scans In 
order to eliminate any effects of magnet hysteresis. Small 
positive shifts for were observed, with only the 
shifts in Zr^P and Hf^P showing any measurable anisotropy. No 
temperature variation of the ^^P shifts was observed down to 
the lowest temperature attained in each Instance, l,e,, 
47°K (TI3P), 85°K (Zr^P), 109°K (Hf^P), 39®K (V3P). 77°K 
(Nb^P) and 103°K (Ta^P), at a resonance frequency of 22 MHz. 
Although the ^^P Knight shifts were small, the spin-
lattice relaxation times were short. In Table 2 are listed 
the values of at the temperatures 77°K and 300®K. Experi­
mental problems were encountered In the determinations. 
Due to pick-up of the modulation signal» especially at large 
sweep widths, the base line from which the peak heights are 
measured became uncertain, so that within the limits of the 
method used the samples examined have constant values of T^T. 
Knight shifts comparable to the metallic values were 
found for In V^P and for ^^Nb In Nb^P, and In the case of 
Table 2. Summary of NMR results 
Compound* Kl8o(*) Kanlso(^) 6H(0e)^ Ti(sec. 77°K) Ti(aec, 300°K) 
TljP 0.012(3)® 2.00(5) 0.62(5) 0.11(5) 
ZrjP 0.023(2) -0,0064(1) - - 0.38(3) 0,13(6) 
HfjP 0.030(1) -0.0070(1) - - 0.57(3) 0.12(4) 
V3P 0.010(4) — —  9.1(2) 0.41(3) 0.11(1) 
^^V^Pta) 
Nb^P 
S^NbjP 
0.59(5)* 
0.34(5) 
0.025(3) 
0.9(1)* 
- -
8.4(1) 0.27(4) 0.09(3) 
Ta^P 0.030(3) - - 4.5(1) 0.63(5) 0.15(1) 
nucleus unless otherwise noted. 
^6H Is the peak-to-peak width of the absorption derivative, 
^Figure In parenthesis Indicates uncertainty of the last place indicated. 
'^Estimated uncertainty. 
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V^P the shift did not vary down to 58°K. The ^ly spectrum 
in V^P is rather complex and is shown in Figure 3. The 
central region of this spectrum can be described as resulting 
from the overlap of two resonances having an intensity ratio 
of 2:1 and a separation of approximately 4-0 Oe at 26 KHz, An 
Intensity ratio of 2:1 probably results from two of the sites 
(M(I) and M(II)) having very similar shifts but different from 
the third site (M(III)). The Knight shifts obtained in this 
manner are K = -s-0.59^ for two of the sites and K » +0.34# for 
the remaining site, 
A large number of quadrupole satellite lines were also 
detected, as evident in Figure 3» No serious attempt was made 
to assign these lines, due to the complexities introduced by 
the non-axially symmetric nature of the quadrupole inter­
actions and by the presence of inequivalent sites. For the 
same reasons, no attempt was made to measure the spin-
lattice relaxation time or the shift anisotropy. 
Similarly, in the case of the ^%b resonance in Nb^P the 
complex split central transition pattern due to the three 
inequivalent sites was never resolved. The stated Knight 
shift (Table 2) was an average value for this spectrum. No 
attempt was made to determine T^ in this case. 
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Figure 3» The spectrum In V^P, [The vertical (Intensity) axis has 
magnifications relative to the central transition (IX) region 
listed above each section. This scan Is up field (horizontal 
axis).J 
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D. Conclusions 
The magnetic susceptibility data are indicative of the 
metallic nature of these phosphides. In all cases, the sus­
ceptibilities behave very similarly to those of the metals 
themselves. No anomalies in the temperature dependence are 
observed, and it seems likely that the departure from straight-
line behavior at lower temperatures for V^P and Nb^P Is due to 
impurities. Table 3 presents a comparison of the suscepti­
bilities (per gram-atom) with those of the metals (35»36). 
For more direct comparison, the phosphide values are also 
given on a per metal atom basis. On this basis the suscepti­
bilities compare very closely in the cases of Ti and Zr, but 
the phosphide value falls below the metal value in the cases 
of V, Nb, and Ta by roughly the same magnitude in each case. 
The signs of the temperature dependence of X are always the 
Same in the phosphide and in the metal, showing the same (+) 
and (-) alternation as do the metals, and the magnitudes of 
the temperature dependences do not differ appreciably. In 
general terms this comparison indicates that for Tl^P and 
Zr^P the orbital and d-spln contributions to the suscepti­
bility are essentially unchanged from those of the metals. 
On the other hand, in the cases of V^P, Nb^P and Ta^P, there 
appears to be a significant reduction in the values of the 
orbital contribution, Xorb» and/or d-spln contribution rela­
tive to those in the metals. 
Table 3» Comparison of paramagnetic (molar) susceptibilities of the TI3P 
phosphides and the transition metals. [Units of Xj-j are 10"° emu/g-atom, 
and those of the temperature dependence, X"'L(dX/dT), are 10-4 (OK)-1. 
Data for the metals are from references (35) and (36). (Diamagnetlc 
corrections have not been Included)] 
Ti TI3P V V3P Zr Zr3P Nb Nb3P Ta Ta3P 
XM(at 300°K) 14? U57 298 554 120 302 204 296 154 174 
X«(per metal atom) 
(at 300OK) 
152 185 - - 101 - 99 58 
X"^(d /dT) +1. 9 +1.9 -0.6 -0.9 +2.1 +0.6 -0.9 -1.9 -0.7 -2.0 
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On the basis of the susceptibilities, comparing the case 
of V^P with that of vanadium metal, the actual change antici­
pated in the Knight shift in V^P is AK = +0.008# between 
77°X and 300°K. Experimentally, we find that both the ^^P and 
shifts are constant within this temperature range, within 
the rather large limits of accuracy imposed by the complexity 
of the V^P spectrum. 
On the other hand, the Knight shift values in V^P are 
essentially the same as that in vanadium metal, (see Table 2), 
This indicates that either the d-spin and orbital contributions 
to the susceptibility are reduced proportionately so that the 
net contribution to the Knight shift remains constant, or that 
the effective hyperfine fields in the phosphides are suffi­
ciently different from those in the metal that the final re­
sult again matches that found in the metal. 
Phosphorus NMR shifts can be classified into two types. 
The first type Is the relatively small chemical shift which 
arises from the diamagnetic interaction of the nucleus with 
the electrons in a completed valence shell. The second type 
of shift can be large, as in MnP (22), or small, as observed 
here. In MnP the large temperature dependent phosphorus shift 
is due to the interaction of the phosphorus nucleus with the 
spin polarized conduction electrons. Spin polarization of 
conduction electrons comes about through conduction electron 
interaction with the local moment on manganese. In MnP the 
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observed phosphorus Knight shift demonstrates thsat wave func­
tions centered on the phosphorus nucleus contribute to the 
conduction band in this metallic compound, 
A small NMR shift, as observed here for the Ti^P-type 
compounds, might be interpreted as an indication that phos­
phorus in these phosphides is present with a completed, valcnc» 
shell (i.e., the shift is a chemical shift). However a small 
paramagnetic shift is expected due to the small hyperfine 
field of phosphorus (22,37), and similarities in structural 
and physical properties (excepting the local moment) of MnP 
and the Tl^P compounds suggest that the interpretation that the 
shift Is a small Knight shift is more reasonable. 
When Knight shifts are small the Interpretation Is facili­
tated by spin-lattice relaxation time (T^) data. For phos­
phorus with fully satisfied valences, T^'s are expected to be 
on the order of tens of seconds (e.g., P4,06(4,294°K), = 17 
sec; P^O^(s, 29^ K), = ^0 sec (38); P(white, a), = 28.7 
sec (39)) with no proportionality to (T)"^. For nuclei In 
metals on which conduction electrons have some finite prob­
ability density T^'s are expected to be substantially shorter. 
In the Tl^P compounds T-^'s are In the 0.1 sec range. 
These T^'s are consistent with substantial coupling of the 
phosphorus nuclei to the lattice via conduction electrons. 
Thus the phosphorus relaxation times show that the phosphorus 
NMR shift Is a Knight shift, and that phosphorus wave func-
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tlons are included in the states which appear at the Fermi 
surface. 
Although an evaluation of the various components of the 
total Knight shift shown in Equation 5 must await other exper­
imental data, such as low temperature heat capacities, and 
calculations, such as a good tight-binding band calculation, 
trends are observed which may give indications at least of the 
important contributions. The similarities between the sus­
ceptibilities of the pure metals and the Ti^P compounds has 
been noted above. The observed decrease in susceptibility in 
the elemental metals has been attributed to a decreasing 
density of states toward the heavier elements in a group (40), 
Increasing metal Knight shifts are observed for the same 
direction within a group. It has been shown that the increase 
in Knight shift with decreasing susceptibility is generally 
due to the relative increase in the orbital Knight shift (25, 
26,41,42). In the Ti^P compounds the phosphorus Knight shift 
similarly Increases with decreasing susceptibility. It might 
therefore be expected that the same relative contributions to 
K^Qt froM its components are found for phosphorus in Ti^P 
compounds. Support for this conclusion is found in the T^ 
results. Table 4 compares values of T^T observed for phos­
phorus in Ti^P compounds with the values calculated using the 
Korringa relation (4-3), o 
nîtîTiY^K^ 
An' 
V = & (13) 
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assuming that the shift arises solely from the contact inter­
action and A = 1. A measure of how well experiment agrees 
with the contact only theory is given by A. In the first 
transition row Ti^P compounds the calculated T^T is much-
greater than the observed value, whereas the situation is 
reversed for the Ti^P compounds of the second and third row. 
If the observed increase in X^ot due to a relative increase 
in importance of Kg# then a better fit to Equation 13 would be 
expected. Thus it is concluded that the observed trends in 
Knight shift, magnetic susceptibility and spin-lattice relaxa­
tion times are suggestive of importance of the orbital and 
core-polarization contributions to the phosphorus Knight shift. 
These contributions, together with the metallic nature of 
these solids, suggest that the phosphorus wave functions con­
tributing to binding and conduction contain configurations 
higher in energy than the ground state. 
Table 4. A comparison of the values of T^T observed and 
calculated using Equation 13 
Compound T^T (sec-deg Kelvin) 
Observed Calculated 
Ti^P 33.9 70.3 
Zr^P 33.0 19.1 
HfgP 35.4 11.2 
V3P 32.4 101.2 
NbtP 27.6 16.2 
HfjP 44.4 11.2 
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III. KNIGHT SHIFT MEASUREMENTS IN THE 1/3%+^ SYSTEM 
A. Introduction 
Early structural studies by Blitz »nd Kocher (3) and 
Hoschek and Klemm (44) provided evidence that the NiAs struc­
ture type esists for vanadium monosulfide on the sulfur rich 
side of stolchiometry. Pedersen and Gr^nvold (45) confirmed 
these observations, Tsubokawa (46) observed a transition at 
1040®K in the magnetic susceptibility and specific heat of a 
sample of VS (of unspecified composition). He considered 
this transition to be a Neel or antiferromagnetic ordering. 
Four years later Franzen and Westman (4?) reported that in the 
portion of the homogeneity region for which 0,85 < S/V < 
1.05 the monosulflde has the MnP structure type and they sug­
gested the existence of, at most, an unusually narrow VS^.^-VS 
two phase region. Later Franzen and Burger (48) reported that 
there was no two phase region and that the homogeneity range 
of VS extended from VSQ ^2 to reported that 
from VSq^ç2 ^1,064 structure type is stable and 
from VS^ to VSj^^^y the NIA s structure type Is stable. The 
absence of a two phase region Implies that the volume and the 
entropy change continuously and thus that a second order phase 
transition occurs with increasing sulfur concentration. That 
the volume changes continuously is evident from Figure 4. It 
was also shown that in metal rich VS there are sulfur vacan-
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Figure 4. A plot of the lattice parameters (A) vs the sulfur to vanadium ratio 
(S/V). [The parameters are labeled in accordance with the 8%mce 
groups Pcsun ^6^/mmc so thau the orthorhombic c and b axes trans­
form Into the hexagonal c and a axes, respectively3 
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des and In the sulfur rich VS there are vanadium vacancies.-
The research reported here was initiated to determine if 
either of the compounds in the VS system are antlferromagnetic, 
to determine what effect vacancies of different types (i.e. 
sulfur and vanadium) have upon the NMR resonance, and to 
determine the effect of the structure change upon the NMR 
resonance, Barnes and Creel (^9) observed the extinction of 
n the B resonance at the Neel temperature in CrB2, suggesting 
that in compounds with antlferromagnetic ordering the NMR 
signal is not readily observed, presumably due to the very 
large local field. The study of the effect of vacancies on 
the ^^V resonance was unsuccessful. However, the change in 
the Knight shift with increasing S/V ratio yields rather use­
ful information concerning the conduction electrons, and hence 
the conduction band in the neighborhood of the Fermi energy, 
as the S/V ratio is varied, especially through the transition 
point in the monosulfide. 
B. Experimental 
Samples of VS were prepared in the same manner as 
described for the phosphides. An intermediate step was 
added to the preparative procedure which greatly reduced the 
loss of sulfur during high temperature annealing and made the 
control of stolchlometry more tractable. After the 1/2" x 1" 
Sample pellet was formed it was transferred to an outgassed. 
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3/^" X 2" tantalum tube one end of which had been capped and 
sealed by electron-beam welding. This transfer took place 
inside an argon-filled dry box. A lid was force-fit into the 
other end of the tube and this assembly placed in the electron-
beam welder which was then pumped down to <10"^ Torr, The 
sealed tantalum tube was placed in an evacuated Vycor tube 
which was closed via a stopcock. The sample was placed in a 
furnace maintained at about 850°C for four to seven days. 
Removal of the sample from the tantalum tube, followed by 
induction heating at 1350° to 1400°C in a sealed tungsten 
crucible» completed the sample preparation. 
Structure type and lattice parameters of the resulting 
samples were determined by Debye-Scherrer and Guinier X-ray 
powder photographs. Lattice parameters were obtained by the 
method of least squares refinement of the observed 26 values. 
These lattice parameters along with the plot of lattice 
parameters versus sulfur to vanadium ratio. Figure 4 from 
Pranzen and Burger (48), were used to determine the stoichi-
ometry of each sample. Table 5 lists the sample and stoi-
chiometry. Starting material purities were for vanadium and 
sulfur >99,99# and 99.999#, respectively. 
NMR data were collected in the same manner as described 
earlier. Low temperature measurements were made at 77°K 
using liquid nitrogen. 
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Table 5» A listing of the sulfur to vanadium ratios for the 
ten VS samples 
Sample Structure type Stoichiometry (S/V)* 
VS-7 Mn? 0,966 
VS. 3 MnP 1.007 
vs-5 MnP 1.010 
VS-9 MnP 1.039 
VS-8 MnP 1.041 
VS-10 MnP 1.058 
VS-6 NlAs 1.106 
VS-4 NiAs 1.129 
VS-2 NiAs 1.135 
VS-1 NiAs 1.142 
E^stimated uncertainty in the S/V ratio is <0.010. 
C. Results 
Table 6 lists the NMR results for the ten samples pre­
pared in the order of increasing sulfur content (see Table 5). 
Spectra were taken at operating frequencies of 4,5» 13. 20 
and 26 MHz. In all samples the line width (peak-to-peak 
absorption derivative) was linear with the applied field, as 
shown for three samples in Figure 5» Typical resonance line 
V 
shapes are reproduced in Figures 6 and 7 for the operating 
frequencies of 4.5 and 13 MHz to illustrate the broadening of 
the line with increasing sulfur or vanadium vacancy concentra­
tion. Although the spectra for samples more sulfur rich than 
VSi^ 058 display evidence of an anisotropic shift, the aniso­
tropic shift peak is sufficiently broad as to be unmeasurable. 
Table 6. A summary of the NMH data for the system. [The samples listed 
in order of increasing composition as^ in Table 5] 
Sample 
4.5 
% shift 
13 
@ (MHz) 
20 
300°K 
26 
6H® 
4.5 
' (Oe) 
13 
@ (MHz) 
20 26 
% shift @ 
77°K (MHz) 
4.5 
7 0.179^  0.192 0.184 10.0® 20.2 —  —  39.6 0.188 
3 0.178 0.192 0.188 0.192 9.2 21.2 27.4 37.4 0.196 
5 0.176 0.189 0.192 0.189 10.0 21.1 27,4 38.4 0.189 
9 0.187 0.224 — 0.206 10.6 24.5 — —  40.8 0.223 
8 0.181 0.190 —  —  O.I83 9.7 21.0 —  —  40.0 0.210 
10 0.245 — 0.250 — 35.2 0.231 
6 0.252 0.298 — —  0.312 13.6 27.6 — —  48.7 0.236 
4 0.261 0.282 —  —  0.305 13.2 28.6 — — 46.8 0.294 
2 0.238 0.268 0.260 0.269 13.1 28.0 41.9 53.1 0.266 
1 0.261 0.304 
—  —  0.325 14.5 29.2 — — 53.4 0.303 
*Peak-to-peak absorption derivative line width. 
E^stimated uncertainty in the Knight shift is 0.005#. 
E^stimated uncertainty in the peak width is 0.5 Oe. 
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Figure 5- A plot of peak width (Oe, peak-to-peak absorption 
derivative) vs operating frequency (MHz) for 
three representative samples in the system 
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Figure 7, Traces of the derivative spectrum for three 
representative samples at an operating fre­
quency of 13 MHz 
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For this reason the most accurate value of the shift was 
selected from the 4.5 MHz spectra and this shift value is 
plotted against the S/V ratio in Figure 8, Interference from 
the aluminum resonance arising from the probe becomes sizeable 
at lower frequencies. The observed shifts for samples more 
sulfur rich than VS^  058 "^ re field dependent. 
Only a small temperature dependence of the Knight shift 
was observed (see Table 6). Increases of about 0.01 to 0,04'^  
in the Knight shift were observed. No decrease in the inten­
sity of the resonances was observed. 
In the samples with composition to (i.e. 
the samples within the MnP structure range) the resonance line 
was more symmetrical than those observed for the compositions 
^^ 1.106 greater. Although the peak-to-peak width of the 
absorption derivative is field dependent, there is no evi­
dence for an anisotropic shift. In the compounds with sym­
metric lines some resolution of the quadrupole spectrum was 
observed. However, sufficient resolution was not obtained to 
Identify the transitions. These quadrupole transitions 
occurred as shoulders on the absorption derivative peak. A 
rough calculation showed that there should be no significant 
contribution to second order quadrupole splitting of the 
central transition. 
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Figure 8. A plot of the Knight shift (^ ) vs the sulfur to vanadium ratio (S/V) 
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D. Conclusions 
On the basis of the strength of the NMR signal it is 
concluded that these compounds are not antiferromagnetic as 
was suggested by Tsubokawa (46). This conclusion suggests 
that the transitions observed by Tsubokawa (46) may be struc­
tural . 
A computer synthesis of an anlsotropically broadened line 
was performed using a constant but several values of K^ gg. 
This was accomplished by integrating 
o -4 o 4(X-Xo)^  
G(X) = A(1 + f ) ( • exp(— _ "" ))• (13) 
Av„ >/Tfa a': 
where A Is the amplitude of the absorption peak, the second 
term is obtained from the variation of the frequency shift 
with cose about and the last term is the gausslan distri­
bution function with as the half-width of the gausslan 
peak. Figure 9 shows three such plots of the absorption 
derivative for different values of a and E(K). The factor 
E(K) was used to shift the value of K^ SQ by an amount (0,005) 
E(K), For Instance would be shifted in arbitrary units 
by 0.05 for E(K) equal to 10 or -0,05 for E(K) equal to -10. 
Five values of E(K) were used in each case, two positive, two 
negative and zero. In all cases the relative intensity ratio 
of the peaks was 0,25:0,50:1*1:0,50:0,25. Increasing E(K) has 
the same effect as increasing the magnetic field. As E(K) 
cr = 0.80 
|E(K)|= 40,20 
C 3 
>. 
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>-h- cr = 050 |E(K)j = 20,10 CO 
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Figure 9. Three computer synthesized line shapes demonstrating the effect on 
line shape of a distribution of K^ gQ values 
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becomes larger the line becomes broader, which is what is 
observed for the lines reported here. However, a broadening 
of the peak with increasing magnetic field may also occur for 
the case of less than axial symmetry where three unequal 
shift values might occur. Less than axial symmetry Is to be 
expected due to the introduction of vacancies into the solid, 
A differentiation between these two possibilities may be 
possible upon the availability of a superconducting magnet 
in which an operating frequency of 65 MHz may be possible. 
At that frequency It may also not be possible to distinguish 
between the two cases since the observed anisotropic peak Is 
rather broad and another peak due to non-axial symmetry might 
be expected to be equally broad. In any case It must cer­
tainly be the case that has some distribution of values 
as well as K^ gQ, since the peak is unresolved in com­
pounds with greater sulfur content than 058* 
Field dependence of the Knight shift where an anisotropic 
shift is observed is certainly expected since the measured 
peak actually corresponds to and not The values for 
the shift reported in Table 6 at 4.5 MH and plotted in Figure 
8 are probably not more than 5 to Q% in error since 
(K = 0.245^ ) has no observed axial peak and has a field Inde­
pendent Knight shift. 
Figures 4 and 8 have marked similarities In that the b 
lattice parameter and the Knight shift Increase together from 
^5 
VS^  Q2 to VS^  in the MnP structure range and from VS^  
In the NiAs structure range. A decrease in the vanadium con­
centration with a concomitant increase in the vanadium Knight 
shift is consistent with the removal of d electrons from the 
conduction band. A decrease in the d states and electrons in 
the conduction "band (i.e. in s rigid band model) is expected 
to increase the relative importance of the positive terms in 
Equation 5» Kg and/or Consider the removal of d elec­
trons from a rigid band. In this case K should increase 
since would be decreasing in magnitude corresponding to 
fewer electrons with non-£ wave functions. 
The observed trend in crystal structure of the first row 
transition metal monophosphldes and monosulfldes is consistent 
with the above Interpretation. The stoichiometric compounds 
VS and CrP crystallize with the MnP structure type, whereas 
VP and TIS crystallize with the NiAs structure type. Re­
moval of one valence electron per formula unit from VS 
corresponds to either VP or TiS. The same number of valence 
electrons as In VS is represented by CrP. A change of sym­
metry by withdrawal of conduction electrons without apparent 
loss of metallic character or change in magnetic character 
indicates the overlap of two conduction bands in the rigid 
band model; one with symmetry consistent with the MnP struc­
ture type and one with the NiAs structure type. The top of 
the NiAs symmetry band would lie lower than that of the MnP 
band. From the above trend it can be said that in the rigid 
band model eight electrons per formula unit stabilize the 
NlAs structure, whereas nine electrons per formula unit 
stabilize the MnP structure. This trend fits the observed 
structural transition in the VS system which occurs at 8.4 
electrons per formula unit obtained by calculating the electron 
concentration. Correlated with this trend is the observed 
Knight shift in VP which is +0.303# (25). in fair agreement 
with the shift reported here for VS with the NiAs structure 
type. 
For the first row transition metal monophosphides from 
CrP to GoP the MnP structure is maintained but the magnetic 
properties change from Pauli paramagnetic to ferromagnetic and 
back to Pauli paramagnetic. Seemingly the best explanation of 
this change in magnetic properties (see Pauling (18) pp 393-
404) Is that the extra electrons added (above the nine re­
quired for the MnP structure type) go to fill non-bonding 
orbltals. This Interpretation is consistent with the observed 
and calculated contraction of the transition metal d orbltals 
In the first row. 
Trends observed for the ^^ V Knight shift in the VS system 
and structures of VS, VP, TIS and CrP are consistent with the 
interpretation that the removal of electrons via removal of 
vanadium atoms from VS lowers the Fermi energy to a point 
within the conduction band at which the NlAs structure type is 
stable with respect to the MnP structure type. 
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IV. PROPOSALS FOR FURTHER WORK 
Phosphorus should be utilized more often in the study of 
the solid state NMR. Having a 100$ isotopic abundance and 
spin I = 1/2 make it ideally suited as a probe of many high 
temperature compounds. Other than the obvious suggestion of 
studying other metal-phosphorus systems there is the possibil­
ity of studying ternary systems of metal, sulfur and phos­
phorus, An extension of the VS work presented here would be 
the study of the ternary (or pseudo binary) systems VP-V8, 
TiS-VP and VS-CrP. Also the VS-TIS system could be studied 
using the nucleus as a probe. These systems should pro­
vide ample data for the definition of the conduction band in 
the MnP and NlAs structure types and a better understanding of 
the MnP to NiAs structural transition which occurs for a 
number of 1:1 compounds. 
Simple systems should be sought in which the nuclei ??8e 
and ^ ^^ Te could be used. These nuclei have spin I = 1/2 but 
low isotopic abundances (ca, 7%)» 
Tsubokawa (46) reported that VSe has a Neel temperature 
of 163°K. NMR can be used as in VS to determine if the 
observed transition is due to magnetic ordering or a struc­
tural transformation. It appears from the VS results reported 
above that the MnP structure type is the low temperature 
structure type. The structure reported for VSe is NiAs (6). 
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To further confirm the NMR results high temperature X-ray 
studies should be made on VS, and low temperature X-ray 
studies should be made on VSe, 
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VII. APPENDIX 
A. The Method of Tone-Burst Modulation 
Tone-burst modulation is a relatively new method for the 
determination of spin-lattice relaxation times, A brief 
explanation of the experimental apparatus will be made first 
(for a complete description see reference (31)),followed by an 
explanation of the experiment. Use is made of the existing 
modulation coils in a conventional NMR probe. A conventional 
spectrometer using the normal detection techniques and asso­
ciated apparatus is utilized, A triangle wave is passed 
through the modulation coils and a triangularly varying 
magnetic field results. Adjustment of the field produced by 
the spectrometer magnet is made such that the resonance con­
dition for the particular nucleus at the operating frequency 
is met about half of the way along the side of the triangle 
wave. 
The experiment starts with the triangle wave turned off. 
One scan contains n passes through resonance where n is twice 
number of cycles of the triangle wave. The first passage 
through resonance starts with the spin system In thermal equi­
librium with the lattice. Adjustment of the frequency of the 
triangle wave is made such that the spin system is unable to 
return to equilibrium between the first and second passage 
through resonance. Thus, upon passage through resonance the 
second time» the difference in population of the two Zeeman 
55 
levels (assuming spin I = 1/2) has decreased, and the inten­
sity of the second absorption line Is less than the first. 
The intensity of the absorption will continue to decrease 
until a new equilibrium is established between the spin system 
and the lattice in the presence of the oscillating field and 
radio frequency power. This new equilibrium is established 
after a large number of passes through resonance such that an 
undetectable difference in the intensity maxima has been 
achieved. The rate at which this new equilibrium is approached 
is determined in the first part of the experiment. 
The first part of the experiment Is illustrated in the 
top trace of Figure 10. Here 4.5 cycles of the triangle wave 
were used. At the end of one scan the triangle wave is turned 
off. The spin system is allowed to return to equilibrium with 
the lattice, after which another scan is made. Successive 
scans are stored in a multichannel analyzer to improve the 
signal to noise ratio. Figure 10 represents the output from 
the analyzer. To obtain the value of the absorption Intensity 
for the equilibrium at "Infinity" the triangle wave is left on 
all of the time, and the same number of scans are collected in 
the analyzer. This is the second part of the experiment, and 
is represented by the lower trace in Figure 10. 
To obtain Tj a plot of In(Hn-Mao) vs n is made where Hn Is 
Is the amplitude of the nth peak and M» is the amplitude of 
the "infinite" peak. Using the slope, S, and the intercept. 
m 
ZrP-3 T, 15" MAGNET 
OJ 
CM 
fO oo 
CD 
Figure 10. A sample trace for the determination of the spln-lattlce relaxation 
time by the method of tone-burst modulation (see the text of 
Appendix A for an explanation) 
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I, of this plot, Ti is calculated using the equation 
T 1 -J- Moo eip(-I) -, 
1 + M eip(S-I) ] 
Where r = and is the frequency of the modulating 
triangle wave. Figure 10 represents the data taksn at room 
temperature for ZrP-3 (Zr^ P). For this run a modulating fre­
quency of 110»9 Hz was used. Each scan was 0.04 sec in dura­
tion followed by a 0.5 sec delay. The summation time includ­
ing the delay was 10 mln. An operating frequency of 16.00870? 
MHz was used. Intensities are reported in arbitrary units 
above each peak, and the average value of M» was used in the 
calculation of as well as in the In(Hjj-l^ ) vs n plot. The 
method of least squares was used to determine I and 8. 
